Abstract Accumulation of fibroblasts is a phenomenon that significantly correlates with formation of aggressive cancers. While studies have shown that the TGF-b signaling pathway is an important regulator of fibroblast activation, the functional contribution of TGF-b signaling in fibroblasts during multi-step tumor progression remains largely unclear. In previous studies, we used a sub-renal capsule transplantation model to demonstrate that homozygous knockout of the Tgfbr2 gene (Tgbr2 FspKO ) enhanced mammary tumor growth and metastasis. Here, we show for the first time a significant role for loss of one Tgfbr2 allele during multi-step mammary tumor progression. Heterozygous deletion of Tgfbr2 in stromal cells in MMTV-PyVmT transgenic mice (PyVmT/Tgfbr2 hetFspKO mice) resulted in earlier tumor formation and increased stromal cell accumulation. In contrast to previous studies of Tgbr2
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Furthermore, Tgfbr2
hetFspKO fibroblasts enhanced mammary carcinoma cell invasiveness associated with expression of inflammatory cytokines including CXCL12 and CCL2. Analyses of Tgbr2
FspKO and Tgfbr2 hetFspKO fibroblasts revealed differences in the expression of factors associated with metastatic spread, indicating potential differences in the mechanism of action between homozygous and heterozygous deletion of Tgfbr2 in stromal cells. In summary, these studies demonstrate for the first time that loss of one Tgfbr2 allele in fibroblasts enhances mammary metastases in a multi-step model of tumor progression, and demonstrate the importance of clarifying the functional contribution of genetic alterations in stromal cells in breast cancer progression.
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Introduction
The accumulation of reactive stromal cells, particularly fibroblasts in primary tumors, strongly correlates with metastatic disease and poor patient prognosis in various cancers [1] [2] [3] . The functional contribution of stromal fibroblasts in regulating the growth and progression of numerous types of cancer has been well established in transplantation studies in mice [4] [5] [6] . Recent studies have focused on identifying the molecular mechanisms that regulate the activity of reactive stromal cells in the tumor microenvironment. Reported mutations in the TP53 and PTEN genes in stromal cells correlate with malignancy of breast cancers [7] indicating that heritable changes in fibroblasts alter the signaling interactions with epithelial tumor cells to promote tumor progression.
A number of studies have indicated that deregulation of TGF-b signaling in the stroma may have profound effects on tumor progression. In mouse xenograft models of prostate cancer, treatment of primary tumors with TGF-b promotes the accumulation of reactive stromal cells, including fibroblasts, enhancing the growth and progression of these tumors [8] [9] [10] . These studies indicate a tumor promoting role for TGF-b signaling in the stroma. In contrast, overexpression of a kinase deficient TGF-ß type II receptor in the mammary stroma of transgenic mice results in mammary epithelial hyperplasia and increased hepatocyte growth factor expression [11] , indicating a tumor suppressive role for TGF-b signaling in the stroma. Furthermore, studies indicate that senescent stromal fibroblasts, show increased replicative errors in transcription of the Tgfbr2 gene [12] , correlating with increased expression of secretory growth factors and enhanced tumor progression [13, 14] . Mutations in the Tgfbr1 genes have been reported in the stroma of head and neck cancers and colon cancers leading to decreased TGF-ß signaling in the stroma [15] , indicating a clinically relevant role for TGF-b signaling deficiency in the tumor stroma. The different outcomes caused by up-regulation or down-regulation of TGF-ß signaling in the stroma may in part depend on several factors including: type of tissues involved, state of oncogenic transformation and age. These factors have been shown to affect expression of TGF-b receptors and activity of TGF-b signaling pathways regulating the anti-proliferative response and epithelial mesenchymal transition [16] [17] [18] . In summary, studies indicate complex multiple roles for stromal TGF-b signaling during tumor progression.
In previous studies, we studied the effects of stromal TGF-b signaling on tumorigenesis by inactivating the Tgfbr2 gene in a subset of fibroblasts using Cre-Lox. Mice expressing Cre under the control of the Fibroblast Specific Protein 1 promoter (Fsp1-Cre) were bred with mice carrying Lox P sites flanking exon 2 of Tgfbr2 (Tgfbr2 Flox/ Flox ). Subsequent progeny which exhibited homozygous knockout Tgfbr2 (Tgfbr2 FspKO ) developed carcinoma of the fore stomach and prostatic intraepithelial neoplasias [19] . Interestingly, while mammary development was severely inhibited in these Tgfbr2 FspKO mice, mammary Tgfbr2
FspKO fibroblasts grafted with PyVmT or 4T1 mammary carcinoma cells in the sub-renal capsules of nude mice resulted in enhanced primary tumor growth and metastasis correlating with enhanced secretion of oncogenic signaling factors from Tgfbr2
FspKO fibroblasts including HGF [20] .
Based on the transplantation studies involving Tgfbr2
FspKO fibroblasts, we hypothesized that loss of TGFb signaling in the stroma enhanced the growth and progression of mammary carcinomas. To address this hypothesis, we used the MMTV-PyVmT mouse model in order investigate the effect of Tgfbr2 deficiency during different stages of mammary tumor development and progression. Homozygous deletion of Tgfbr2 knockout mice results in severe phenotypic defects, including infertility and early death [19] . Heterozygous deletion of Tgfbr2 resulted in mice that were viable and fertile without visible defects in mammary gland development [19, 20] , indicating very different developmental outcomes from homozygous Tgfbr2 deletion in stromal cells. These different developmental phenotypes and the conflicting nature of TGF-b signaling in tumor progression raised the possibility that differences in response to stromal TGF-b signaling in tumors could be due to differences in levels of Tgfbr2 and downstream signaling pathways. Therefore, in these present studies, we conditionally targeted one Tgfbr2 allele in stromal cells, and examined the effects of heterozygous knockout of stromal specific Tgfbr2 on mammary tumor progression by crossing MMTV-PyVmT mice with mice exhibiting loss of one Tgfbr2 allele in stromal cells (Tgfbr2 hetFspKO ). Subsequent PyVmT positive progeny showing loss of one Tgfbr2 allele in fibroblasts (PyVmT/Tgfbr2 hetFspKO ) exhibited significantly shorter tumor latency and increased numbers of lung metastases associated with reduced tumor cell survival and the accumulation of reactive stromal cells. The enhanced metastasis was further observed in cotransplantation studies of heterozygous knockout Tgfbr2 fibroblasts with PyVmT carcinoma cells in the sub-renal capsule of nude mice. Furthermore, Tgfbr2 hetFspKO fibroblasts enhanced mammary carcinoma cell invasiveness associated with expression of inflammatory cytokines including CXCL12 and CCL2. Analyses of Tgbr2
FspKO and Tgfbr2 hetFspKO fibroblasts revealed certain differences in the expression of factors associated with metastatic spread including CXCL12, indicating potential differences in the mechanism of action between homozygous and heterozygous deletion of Tgfbr2 in stromal cells. In summary, these studies demonstrate for the first time that loss of one Tgfbr2 allele in fibroblasts enhances mammary metastases in a multi-step model of tumor progression, and demonstrate the importance of clarifying the functional contribution of genetic alterations in stromal cells in breast cancer progression.
Results
Targeted deletion of one Tgfbr2 allele in mammary fibroblasts enhances tumor progression in PyVmT transgenic mice
In order to determine the effects of Tgfbr2 deficiency in fibroblasts on stage dependent mammary tumor progression, we utilized the MMTV-PyVmT mice which express the Polyoma Virus Middle T antigen under the control of the mouse mammary tumor virus promoter (MMTV), an active promoter in mammary epithelium. Because MMTVPyVmT mice form mammary tumors analogous to stage IV breast cancers and tumor progression can be examined at specific stages [21, 22] , the MMTV-PyVmT transgenic mouse model represents a useful and relevant model for mammary tumor progression. Homozygous deletion of the Tgfbr2 allele in fibroblasts results in severe defects in mammary gland development, and tumorigenic lesions in the prostate and fore-stomach. Therefore neither male nor female Tgfbr2 FspKO mice were viable for breeding [19] . Mice expressing Fsp1-Cre and one Floxed Tgfbr2 allele resulted in loss of one Tgfbr2 allele in fibroblasts (Tgfbr2 hetFspKO mice). Tgfbr2 hetFspKO mice were observed to be viable and fertile [19, 20] . In addition, female Tgfbr2 hetFspKO mice did not exhibit visible differences in ductal outgrowth and morphogenesis compared to wildtype mice, as determined by whole mount staining and H&E stain of inguinal and thoracic mammary gland tissues. These data demonstrated that loss of one Tgfbr2 allele in stroma did not significantly affect mammary gland development in Tgfbr2 hetFspKO mice. We crossed Tgfbr2 hetFspKO mice with MMTV-PyVmT mice in order to achieve targeted deletion of Tgfbr2 in mammary fibroblasts in subsequent PyVmT positive progeny. Female PyVmT mice exhibiting loss of one Tgfbr2 allele (PyVmT/Tgfbr2 hetFspKO ) and control mice (PyVmT with intact wildtype or floxed Tgfbr2 alleles, also referred to as PyVmT controls) were palpated for tumor formation twice weekly. The tumors in PyVmT/Tgfbr2 hetFspKo mice became physically palpable between the ages of 5.4 and 10.4 weeks with a median age of 7.6 weeks for tumor development. In control PyVmT mice, tumor nodules became physically palpable between 6.5 and 14.5 weeks with a median age of 9.0 weeks for tumor development (Fig. 1a) . Control mice and PyVmT/ Tgfbr2 hetFspKO mice were sacrificed and organs were harvested at 13.4 weeks of age, when the earliest time when tumor burden exceeded 10% of initial body weight. Multifocal tumors formed at the thoracic and inguinal mammary glands in control and PyVmT/Tgfbr2 hetFspKO mice. As determined at 13.4 weeks, PyVmT/Tgfbr2 hetFspKO mice showed a small but not statistically significant increase in tumor mass compared to control mice (Fig. 1b) . The most striking features of PyVmT/Tgfbr2 hetFspKO mice were the presence of large areas of necrosis, and solid sheets of cells, without discernible ductal structures (Fig. 1c) , indicating that the presence of poorly differentiated tumors, in particular high grade adenoductal carcinoma. Control PyVmT tumors exhibited less areas of necrosis and the presence of tubule structures with atypical hyperplasia indicating the presence of moderately differentiated tumors. These data indicate that loss of one Tgfbr2 allele in stromal cells promotes earlier tumor onset, resulting in poorly differentiated, more invasive tumors.
In previous studies, we showed that Tgfbr2 FspKO fibroblasts co-grafted with 4T1 mammary carcinoma cells resulted in increased numbers of lung metastases [20] . To determine if loss of one Tgfbr2 allele in mammary fibroblasts significantly affected the metastatic spread of PyVmT mammary carcinomas, we counted the number of metastatic nodules visualized by hematoxylin whole-mount staining of lung tissues from PyVmT/Tgfbr2 hetFspKO and PyVmT control mice. The presence of these metastatic nodules was confirmed microscopically by H&E stain (Fig. 1d) , and indicated increased numbers of lung metastases in PyVmT/Tgfbr2 hetFspKO mice compared to control mice. These data indicate that loss of one Tgfbr2 allele in fibroblasts results in increased lung metastases in PyVmtT transgenic mice. In summary, these data indicate that earlier tumor formation resulted in further carcinoma progression of PyVmT/Tgfbr2 hetFspKO mice. increase in levels of Ki67 staining that was statistically significant, indicating increased tumor cell proliferation. In addition, PyVmT/Tgfbr2 hetFspKO tumors exhibited a significant 80% decrease in TUNEL-positive cells, indicating increased tumor cell survival, respectively (Fig. 2a-b) .
To determine the effects of Tgfbr2 deletion in fibroblasts on formation of reactive stroma, we assayed for levels of fibroblasts, macrophages and endothelial cells by immunohistochemistry staining of mammary tumors. Previous studies have shown that fibroblasts represent a heterogeneous population of cells, with overlapping expression of alpha-smooth muscle actin (a-sma), vimentin and Fsp1 [23] . Therefore, immunostaining was performed to examine the presence of the fibroblast population using these biomarkers. Immunostaining was also performed to analyze macrophage recruitment by F4/80 staining and blood vessel density by Von Willebrand Factor 8 (VWF8) staining. PyVmT/Tgfbr2 hetFspKO mice exhibited increased staining for a-sma, Fsp1, vimentin and F4/80 ( Fig. 3a-d ), but did not show any significant changes in VWF8 staining (Fig. 3e ). These studies indicate that targeting of one Tgfbr2 allele in stromal cells in PyVmT transgenic mice results in increased accumulation of fibroblasts and macrophages, but does not significantly change vascular density in primary mammary carcinomas.
Effect of Fsp1-Cre mediated deletion of one Tgfbr2 allele in mammary stromal cells As targeted deletion of one Tgfbr2 allele in mammary fibroblasts resulted in enhanced mammary tumor progression of PyVmT mice, we further investigated the effects of Cre-mediated deletion of one Tgfbr2 allele in mammary fibroblasts. In previous studies, the Fsp1 promoter was hetFspKO compared to PyVmT controls was performed using two tailed Student's t-test. Statistical significance determined by P value less than 0.05. *P \ 0.01,**P [ 0.05, ***P \ 0.05. Scale bar = 80 lm observed to be active in a subset of fibroblasts in reporter mice expressing Green Fluorescence Protein under the control of the Fsp1 promoter. In addition, similar specific patterns of Fsp1 promoter activity were observed in Rosa26 reporter mice, which expressed b-galactosidase upon Fsp1-Cre mediated deletion of the stop codon flanking the b-galactosidase gene [20] . In these studies, spatial analysis of Cre expression was determined by Cre immunohistochemistry in the mammary tissues of PyVmT/Tgfbr2 hetFspKO mice sacrificed at 13.4 weeks. Cre was expressed primarily in the stroma of primary mammary tumors, including cells exhibiting a fibroblastic morphology (Fig. 4A) . To further quantitate the number of fibroblasts exhibiting loss of one Tgfbr2 allele, Southern blot analyses were performed on mammary fibroblasts isolated from PyVmT/Tgfbr2 WT/flox control and PyVmT/Tgfbr2 hetFspKO mice. By phosphoimager analysis, we observed that approximately 30% of the fibroblasts isolated from PyVmT/Tgfbr2 hetFspKO mice showed Cre-mediated deletion of exon 2 of one Tgfbr2 allele (Fig. 4B ). These data indicate that mammary fibroblasts represent a heterogeneous population of cells and that a subset of mammary fibroblasts from this heterogeneous population exhibit loss of one Tgfbr2 allele.
We next determined if loss of one Tgfbr2 allele affected TGF-b responsiveness in cultured mammary fibroblasts. To circumvent the possibility that the presence of wildtype (WT) fibroblasts would obscure the TGF-b responsiveness of heterozygous Tgfbr2 knockout fibroblasts in a heterogeneous population of fibroblasts, the subset of fibroblasts exhibiting heterozygous knockout of Tgfbr2 were sorted from a heterogeneous population of Tgfbr2 hetFspKO cells by flow cytometry as previously described [20] . Briefly, Tgfbr2 hetFspKO fibroblasts were initially flow sorted into single cells in 96 well plates. Single cells were expanded into clonal populations of cells and analyzed for the presence of WT and Flox Tgfbr2 alleles and for Cre by PCR analyses [20] . The control fibroblasts and heterozygous Tgfbr2 knockout clonal cell populations derived from the heterogeneous population of Tgfbr2 hetFspKO cells were used in subsequent experiments.
To determine the effect of heterozygous loss of Tgfbr2 on cell proliferation, clonal and heterogeneous fibroblasts were treated with TGF-b and analyzed for changes in 3 [H] thymidine incorporation. Statistical analyses were performed to determine possible statistical significances between cells treated with or without TGF-b, between control and heterozygous Tgfbr2 knockout fibroblasts, and between cell lines in each experimental group. As shown in Fig. 5a and b, TGF-b treatment significantly decreased 3 [H] thymidine incorporation in Tgfbr2 hetFspKO fibroblasts and control fibroblasts. These data indicate that loss of one Tgfbr2 allele did not significantly affect responsiveness of heterogeneous or clonal mammary fibroblasts to exogenous TGF-b stimulation. Also, there were no significant differences between cell lines in either the control or Tgfbr2 hetFspKO group. However, each of heterogeneous and clonal Tgfbr2 hetFspKO fibroblast cell lines showed significant increases in overall cell proliferation compared to each of the control fibroblasts (Fig. 5a, b) and correlated with the accumulation of stroma observed in PyVmT/Tgfbr2 hetFspKO mice. These data indicate that Fsp1-Cre mediated deletion of one Tgfbr2 allele does not significantly affect the ability of exogenous TGF-b to inhibit mammary fibroblasts, but does enhance overall cell proliferation. PyVmT controls was performed using Poisson Regression. Statistical significance determined by P-value less than 0.05. *P \ 0.04, **P \ 0.01, ***P = 05. Scale bar of low magnified image = 150 lm. Small boxed areas within each image refer to magnified inset. Scale bar of inset = 15 lm. Images are representative of the entire area of each the five random sections counted Tgfbr2 hetFspKO fibroblasts significantly enhance invasiveness of PyVmT mammary carcinoma cells associated with inflammatory cytokine expression As we observed a pro-tumorigenic phenotype in PyVmT/ Tgfbr2 hetFspKO mice, we further determined the effects of Tgfbr2 deficient mammary fibroblasts on mammary tumor progression using a sub-renal transplant model. PyVmT mammary carcinoma cells were grafted in the presence of clonal Tgfbr2
WT/Flox or clonal Tgfbr2 hetFspKO fibroblasts in the sub-renal capsule of nude mice, a site devoid of host fibroblasts and ideal for examining stromal: epithelial interactions [24] . 45 days post-transplantation, the mice were then analyzed for changes in primary tumor growth and metastatic spread. As shown in Table 1 
control fibroblasts. These data indicate that loss of one Tgfbr2 allele in mammary fibroblasts specifically contributes to mammary tumor progression by enhancing metastatic spread. To determine the mechanisms through which Tgfbr2 hetFspKO fibroblasts enhanced metastatic spread, we hypothesized that Tgfbr2 deficiency de-regulated paracrine signaling interactions between fibroblasts and carcinoma cells to promote cellular invasiveness. First, carcinoma cell invasiveness was determined using a 3D collagen assay in which PyVmT carcinoma cells labeled with CMFDA CellTracker Fluorochrome were embedded in collagen, and monitored for invasion through the collagen over time (Fig. 6 ). This in vitro invasion assay enabled us to mimic the in vivo process through which carcinoma cells invade through extracellular matrix in primary tumors. PyVmT cells co-cultured with Tgfbr2 hetFspKO fibroblasts resulted in a significant increase in carcinoma cell invasion compared to PyVmT cells cultured alone or co-cultured with control fibroblasts (Fig. 6) . To identify the specific factors secreted by Tgfbr2 hetFspKO fibroblasts that contributed to enhanced mammary carcinoma cell invasion, we profiled conditioned medium from control or Tgfbr2 hetFspKO fibroblasts using Raybiotech antibody cytokine arrays (Supplemental Fig. 1 ). Tgfbr2 hetFspKO fibroblasts showed significantly increased expression of cytokines previously associated with carcinoma cell invasiveness and breast cancer metastases including CXCL7 and CXCL12 (Table 2 ) [25] [26] [27] . Other cytokines found to be significantly increased in Tgfbr2 hetFspKO fibroblasts were previously shown to modulate bone marrow derived immune cell recruitment during inflammation and mammary tumor progression including GCSF, CCL2 and CCL12 [28] [29] [30] . Other inflammatory cytokines and secreted factors on the array, which did not show significant levels in expression in either experiment group included members of the IL-1 family (IL-1b, IL-1 through 4), members of tumor necrosis factor family (CD30L, CD40L) and IFN-c. Other various secreted factors which were expressed in both experimental groups, but did not show significant changes in expression included: CCL19, CCL21, CCL9, CXCL2, TIMP-2, osteopontin, MMP-2, TNF-a, bFGF and VEGF-D. These data indicate that increased metastases in PyVmT/Tgfbr2 hetFspKO mice is associated with expression of specific cytokines involved in mediating breast cancer metastases and recruitment of bone marrow derived immune cells.
To further determine the functional significance of the factors secreted by Tgfbr2 hetFspKO fibroblasts in carcinoma cell invasion, we compared the expression patterns of secreted proteins from heterozygous Tgfbr2 knockout fibroblasts with factors from homozygous Tgfbr2 knockout fibroblasts which were identified through proteomics profiling and candidate screening [31] . We observed a number of similarities and differences in the expression of particular proteins. Of note, CXCL12, an important regulator of metastatic spread [32, 33] , was shown to be decreased in homozygous Tgfbr2 knockout fibroblasts and increased in heterozygous Tgfbr2 knockout fibroblasts (Table 3) . HGF was previously shown to be upregulated in homozygous Tgfbr2 knockout fibroblasts by ELISA and Northern blot analysis [20, 34] , and is a factor whose expression in stromal cells was shown to promote mammary tumor growth and metastases [31, 34] . In these studies, ELISA analysis of HGF levels showed a small but not significant decreased in expression in heterozygous Tgfbr2 knockout fibroblasts, compared to control fibroblasts (Fig. 7a) . Other proteins associated with regulating mammary carcinoma [H] thymidine incorporation. Statistical analysis was performed using Two-Way ANOVA, accompanied by post-hoc pair-wise analysis using Bonferroni-Dunn test. Statistical significance determined by P-value less than 0.05. *(-) TGF-b versus (?)TGF-b treatment in a given sample; P \ 0.05. **WT/Flox #1 versus WT/Flox #2; P [ 0.05. ***hetFspKO #1 versus hetFspKO #2; P [ 0.05. ****hetFspKO #1 or #2 versus WT/ Flox #1 or #2; P \ 0.01 cell proliferation and migration including: CXCL10, IGF-I and -II showed significant changes in homozygous Tgfbr2 knockout fibroblasts [31] , but did not show changes in expression in heterozygous Tgfbr2 knockout fibroblasts compared to control fibroblasts, as summarized in Table 3 . CCL2 was shown to be increased in both homozygous [35] and heterozygous Tgfbr2 knockout fibroblasts (Fig. 7b, c) . CCL2 was of particular interest due to previous studies in our laboratory showing that targeting CCL2 in Tgfbr2 FspKO fibroblasts decreased metastases without significantly affecting macrophage recruitment, indicating a possible direct effect on mammary carcinoma cells [35] . To determine the functional significance of CCL2 derived from Tgfbr2 hetFspKO fibroblasts on mammary carcinoma invasion, PyVmT cells were treated with neutralizing antibodies to CCL2 in the presence of Tgfbr2 hetFspKO fibroblasts. Compared to IgG control treatment, anti-CCL2 significantly inhibited invasion of PyVmT mammary carcinoma cells induced by Tgfbr2 hetFspKO fibroblasts (Fig. 7d) indicating an important role for CCL2 in Clonal control or Tgfbr2 hetFspKO fibroblasts were co-transplanted with PyVmT mammary carcinoma cells in the subrenal capsule of nude mice. 45 days post-transplantation, the organs were harvested and analyzed for changes in primary tumor mass and lung metastases. Statistical analysis was determined by two-tailed Student's t-test. Statistical significance was determined by P-value less than 0.05 Secreted proteins were identified by cytokine array profiling of conditioned medium from control fibroblasts and Tgfbr2 hetFspKO heterogeneous fibroblasts (n = 3 per group) or basal medium (DMEM/F12/5% FBS). Expression of proteins were quantitated by densitometry analysis using Image J software. Statistical significance determined by P-value less than 0.05; * P \ 0. regulating carcinoma cell invasiveness. In summary, these data indicate that loss of one Tgfbr2 knockout fibroblasts results in similarities and also significant differences in secretion of cytokines associated with mammary tumor progression, compared to loss of both Tgfbr2 alleles.
Discussion
In these studies, we show for the first time that targeted deletion of one Tgfbr2 allele in mammary fibroblasts enhances stromal cell accumulation in primary tumors and promotes metastasis of mammary carcinomas in the MMTV-PyVmT transgenic mouse model. A number of factors affect TGF-b signaling in stromal cells contributing to the differences in tumor phenotypes in these studies compared to previous studies [19, 20] , including the background pathology, type of mouse model used, and allelic expression. While a subset of fibroblasts showed heterozygous deletion of Tgfbr2, our studies indicate significant functional consequences on the progression of mammary carcinomas that are potentially regulated through multiple, complex mechanisms. In previous studies, Tgfbr2 hetFspKO mice did not exhibit significant changes to mammary gland development [19] . In these studies, heterozygous Tgfbr2 deletion significantly enhanced progression of mammary carcinomas in MMTVPyVmT transgenic mice. The mechanisms responsible for the differences in phenotype are most likely related to the background pathology, in which oncogenic expression of PyVmT was necessary for tumor initiation because heterozygous Tgfbr2 deletion in stromal cells was not 
IGF-II = ;
The expression patterns of secreted proteins from Tgfbr2 hetFspKO fibroblasts from cytokine array profiling were compared to the expression patterns of secreted proteins from Tgfbr2 FspKO fibroblasts identified in previous studies [25, 29, 31] . The symbols are defined as statistically significant changes in expression compared to control fibroblasts: Increased expression: :; decreased expression: ;; no change in expression: =. HGF is not included in the cytokine array profiling and its expression in Tgfbr2 hetFspKO fibroblasts was analyzed independently as a candidate protein hetFspKO fibroblasts in the presence or absence of control IgG, anti-CCL2 for 72 h and analyzed for degree of invasion through the collagen. Experiments were performed in triplicate, n = 3 per experimental group. Statistical analysis of was performed using two-tailed Student's t-test. Statistical significance determined by Pvalue less than 0.05. *P [ 0.05 versus WT/Flox, **P \ 0.05 versus WT/Flox, ***P \ 0.01 versus WT/Flox, ****P \ 0.05 versus Rat IgG sufficient to induce tumors in normal mice. In the normal mammary gland, expression of oncogenes and tumor suppressors including HGF and TGF-b are tightly regulated at a temporal and spatial level to mediate cell proliferation, survival and migration during ductal outgrowth and morphogenesis [36, 37] . Cellular stress such as sustained signaling in normal mammary epithelial cells leads to cell cycle arrest and apoptosis [38] , providing additional protective mechanisms against tumor growth. The lack of a discernible phenotype in Tgfbr2 hetFspKO mice indicate that the presence of these strict regulatory mechanisms in normal mammary epithelial cells compensate for the de-regulated growth factor expression in Tgfbr2 hetFspKO fibroblasts. As a potent viral oncogene, constitutive overexpression of PyVmT in mammary epithelial cells deregulates multiple signaling pathways and overrides cell cycle checkpoints [22, 39] , leading to consistent tumor formation. These studies indicate that heterozygous Tgfbr2 deletion in stromal cells enhances progression of mammary carcinomas initiated by oncogenes such as PyVmT.
In this report, we observed that heterozygous deletion of Tgfbr2 in stromal cells resulted in similar patterns of metastatic spread but differences in tumor growth between PyVmT transgenic mice and in grafted mice. In both studies, heterozygous deletion of Tgfbr2 in stromal cells enhanced metastatic spread of PyVmT mammary carcinoma cells, indicating that TGF-b signaling in stromal cells acts as a metastasis suppressor. In contrast, PyVmT mice/ Tgfbr2 hetFspKO mice exhibited a small but not significant increase in tumor mass, while co-grafting of PyVmT cells with Tgfbr2 hetFspKO fibroblasts resulted in significantly decreased tumor mass. Despite the differences in tumor growth, the enhanced metastatic phenotype in both studies indicates that tumor growth is not a reliable indicator for mammary tumor malignancy. The observations here are consistent with previous studies showing that some small breast tumors harbor highly metastatic cells [40] . It is possible that increased metastatic dissemination contributed to the decrease in tumor size of subrenal grafts containing Tgfbr2 hetFspKO fibroblasts and also in the size of PyVmT/Tgfbr2 hetFspKO tumors despite the increase in cell proliferation observed in these tumors. This hypothesis is supported by previous gene profiling studies identifying metastasis specific genes such as SPARC and MMP2 [41] , and data from these present studies showing increased expression of pro-metastatic factors and level expression of growth factors from Tgfbr2 hetFspKO fibroblasts. The differences in mouse models would have also influenced the effects of Tgfbr2 hetFspKo stromal cells on mammary tumor growth or invasion. As the effect of kidney cells on mammary stromal: epithelial interactions remain unclear, transplantation in the subrenal capsule could affect activity of Tgfbr2 hetFspKO fibroblasts and mammary carcinoma cells resulting in decreased tumor growth compared to tumors formed in the mammary gland. Another factor affecting tumor growth would be the differences in T cell recruitment in each tumor model. T cells play critical roles in mediating anti-tumor immunity through recognition of tumor specific antigens and subsequent targeting of tumor cells, inhibiting metastatic spread [42] . It is possible that the lack of cytotoxic T cells in nude grafted mice would enhance metastatic spread of mammary tumor cells in tumor bearing mice, resulting in smaller tumors. In PyVmT/Tgfbr2 hetFspKO tumors, increased macrophage recruitment was observed. As macrophages in breast tumors exhibit increased expression of immunosuppressive factors [43, 44] , it is possible that the increased macrophage recruitment would lead to changes in T cell activity or recruitment, affecting tumor growth and metastasis. A third possible factor affecting tumor growth is the malignancy of PyVmT cells in each tumor model. As metastatic carcinoma cells are more responsive to pro-invasive factors compared to benign cells [45] , it is possible that PyVmT cells in the subrenal graft model would exhibit increased invasion and decreased growth in response to the secretory factors from Tgfbr2 hetFspKO fibroblasts. In contrast, in PyVmT transgenic mice, benign mammary epithelial cells would first be exposed to Tgfbr2 hetFspKO fibroblasts due to early embryonic deletion of Tgfbr2 [19, 46] . Studies indicate that signaling interactions between stromal cells and carcinoma cells evolve over the progression of carcinomas [47, 48] . As such, exposure of early stage PyVmT carcinoma cells to Tgfbr2 hetFsPKO fibroblasts would change the pattern of signaling interactions between stromal cells and epithelial cells over time, possibly leading to the tumor phenotypes observed in PyVmT/Tgfbr2 hetFspKO mice. Understanding how the differences in tumor models affect mammary tumor progression would contribute to identification of relevant signaling pathways that regulate stromal: epithelial interactions during mammary tumor progression. Despite these differences in tumor models, the data indicate that TGF-b signaling in stromal cells suppresses tumor growth and metastasis, and specific effects are dependent on allelic expression of Tgfbr2.
In previous studies, homozygous Tgfbr2 knockout fibroblasts showed significant impairment in TGF-b responsiveness [20] . In contrast, heterozygous Tgfbr2 knockout fibroblasts did not exhibit any differences in TGF-b responsiveness compared to control fibroblasts but did show significant increases in overall cell proliferation. These data indicate that loss of one Tgfbr2 allele is not sufficient to inhibit paracrine TGF-b signaling in mammary fibroblasts but inhibits autocrine TGF-b signaling. The increased fibroblast growth in vitro is consistent with increased stromal cell growth observed in PyVmT/ Tgfbr2 hetFspKO mice (Fig. 3) . Other changes to the stroma of PyVmT/Tgfbr2 hetFspKO mice include increased macrophage recruitment, which may be due in part to increased expression of chemokines from Tgfbr2 hetFspKO fibroblasts, including CCL2 [49, 50] . Given that the presence of reactive stroma significantly correlates with breast cancer malignancy and poor patient prognosis [51] [52] [53] , our data suggest that subtle genetic changes to Tgfbr2 in stromal cells would affect the overall composition of the tumor microenvironment through expression of paracrine factors, thereby also affecting mammary tumor progression indirectly.
Analysis of the protein expression profiles between Tgfbr2
FspKO and Tgfbr2 hetFspKO fibroblasts indicate that the differences in expression of soluble factors may contribute to the differences in tumor phenotype. In previous studies, homozygous deletion of Tgfbr2 in fibroblasts resulted in increased expression of growth factors, including IGF-I, IGF-II, CXCL10 and HGF. These stromal derived soluble factors have been shown to promote mammary tumor cell proliferation in vitro [54] [55] [56] . Inhibition of these factors through siRNA targeting or pharmacologic inhibition in mammary tumor bearing mice significantly reduces tumor growth, indicating pro-tumorigenic roles for these soluble factors [34, [57] [58] [59] . The role of these growth factors is consistent with the increased mammary tumor growth observed in co-grafting of Tgfbr2
FspKO fibroblasts with mammary carcinoma cells [20] . In these studies, Tgfbr2 hetFspKO fibroblasts did not exhibit significant differences in expression of these growth factors, correlating with the lack of tumor growth in these studies. While the molecular mechanisms regulating expression of IGF-I, IGF-II and CXCL10 in mammary fibroblasts remain unclear, the mechanisms may be similar to HGF, in which TGF-b mediates transcriptional suppression through Smad dependent mechanisms. Previous studies have shown that the HGF promoter region contains Smad binding inhibitor elements, and that HGF expression is suppressed by Smad2/3 and SP-1 transcription factors mediated by TGF-b [60] . Alternatively, TGF-b may suppress transcriptional activators of IGF-I, IGF-II or CXCL10, for example inhibiting Stat5 transcription of IGF-I, [61, 62] . Homozygous [20] , but not heterozygous deletion of Tgfbr2 significantly impaired TGF-b responsiveness indicating that gene expression of these specific growth factors is related to stoichiometric expression of Tgfbr2. Loss of one Tgfbr2 allele was not sufficient to affect expression of factors affecting tumor growth; instead, Tgfbr2 hetFspKO stromal cells showed enhanced expression of factors promoting metastasis.
Tgfbr2 hetFspKO fibroblasts also exhibited changes in expression of particular factors associated with cellular invasion and metastatic spread, in particular CXCL12.
Previous studies have shown that breast cancer associated fibroblasts express high levels of CXCL12 which functions to regulate metastatic homing [26, 32] . Here, we observed that loss of both Tgfbr2 alleles decreases CXCL12 expression [31] , while loss of one Tgfbr2 allele increases CXCL12 expression in mammary fibroblasts. The molecular mechanisms responsible for the differences in CXCL12 expression remain unclear, but may involve TGFb type II receptor interactions with other cell surface proteins to regulate CXCL12 expression. TGF-b receptors have been shown to interact with erbB2 receptors to potentiate erbB2 signaling pathways [63] . In addition, enhanced erbB2 signaling is associated with increased transcription of CXCL12 in mammary tumors [64] . Changes in Tgfbr2 expression may alter interactions between the TGF-b receptors and erbB2 leading to changes in signaling pathways that regulate CXCL12 so that heterozygous deletion of Tgfbr2 enhances CXCL12 expression while homozygous deletion of Tgfbr2 inhibits CXCL12 expression. Possible changes in downstream mechanisms include alterations in CpG methylation of the CXCL12 promoter [65] , and HIF-1a transcriptional activity [66] . Given the importance of CXCL12 in regulating mammary metastasis, it would be of interest to further investigate the interactions between stromal CXCL12 and TGF-b signaling in mammary tumor progression. Studies are currently being performed to dissect the mechanisms of TGF-b dependent CXCL12 expression in mammary fibroblasts and the contribution of CXCL12 in mammary tumor progression enhanced by Tgfbr2 hetFspKO stromal cells.
In these studies, we also characterize a novel function for CCL2 derived from Tgfbr2 hetFspKO fibroblasts in regulating mammary tumor progression. In previous studies, CCL2 has been shown to primarily regulate mammary tumor metastasis through recruitment of macrophages [43, 67] . In our laboratory, we had shown that Tgfbr2 FspKO fibroblasts expressed higher levels of CCL2 compared to control fibroblasts. Targeting CCL2 specifically in Tgfbr2
FspKO fibroblasts reduced metastasis through a macrophage independent mechanism [35] , indicating that CCL2 signaled directly to mammary carcinoma cells during mammary tumor progression. These current studies show that CCL2 derived from Tgfbr2 hetFspKO significantly contributes breast cancer cell invasion, indicating that a novel role for CCL2 in regulating mammary carcinoma cell invasion. In addition, these studies indicate that enhanced expression associated with loss of Tgfbr2 directly signals to mammary carcinoma cells to regulate cellular invasiveness and may contribute to the enhanced metastatic phenotype in PyVmT/Tgfbr2 hetFspKO mice. Given that inflammatory cytokines are being considered as therapeutic targets in cancer [68, 69] , it is important to fully understand the molecular mechanisms responsible for chemokine expression during mammary tumor progression. Studies are currently underway to further determine the functional connection between CCL2 mediated breast cancer invasion and metastatic spread.
In summary, our studies have identified several important mechanisms through which loss of one Tgfbr2 allele in stromal cells promotes mammary tumor progression. These mechanisms include alterations in gene expression of soluble factors to affect autocrine TGF-b signaling and paracrine signaling interactions between stromal and epithelial cells in the tumor microenvironment. In addition, we demonstrate a functional cooperativity between inactivation of one Tgfbr2 allele in fibroblastic cells and expression of the PyVmT oncogene in epithelial cells. While hypomorphic mutations in the TGF-b signaling pathway have been reported in a number of cancers [15, 70] , current studies are underway to determine the relevance of genetic mutations of TGF-b signaling components in the breast cancer stroma. Further understanding of the complex, multiple effects of TGF-ß signaling in both the stroma and tumor cells will facilitate the development and appropriate use of cancer therapies targeting the TGF-ß signaling pathways.
Methods
Mouse strains and maintenance
PyVmT positive animals (FVB) were maintained by crossing PyVmT positive males with Wildtype (WT) females. Tgfbr2 hetFspKO mice were generated by crossing FSP-Cre positive mice (CF57BL/6) with Tgfbr2 flox/flox mice (C57BL/6). PyVmT males were crossed with Tgfbr2
Flox/Flox females to generate PyVmT/Tgfbr2
Flox/Flox progeny. PyVmT/Tgfbr2 flox/flox males were then crossed with Tgfbr2 hetFspKO females to generate PyVmT/ Tgfbr2 hetFspKO mice. Animals were genotyped for the PyVmT gene by PCR analysis of genomic DNA as previously described [71] . The presence of the Cre and Floxed Tgfbr2 genes were identified by PCR analysis of genomic DNA from tail biopsy as previously described [19, 72] . For transplantation studies, female nude (nu/nu) mice (6-8 weeks of age) were obtained from Harlan Laboratories (North Carolina). These animals were maintained in accordance with AAALAC and University of Kansas Medical Center guidelines.
Assessment of tumor formation and tumor burden in transgenic mice
PyVmT/Tgfbr2
WT/flox and PyVmT/Tgfbr2 hetFspKO mice were palpated twice weekly for tumor growth. Mice were sacrificed at 13.4 weeks, when tumor burden exceeded 10% of initial bodyweight, according to AAALAC and University of Kansas Medical Center guidelines. Tumor burden was assessment as a measurement of whole body weight at the time of sacrifice.
Histology/immunohistochemistry
Tumor tissues were fixed in 10% neutral formalin buffer and embedded in paraffin using the Vanderbilt University Immunohistochemistry Core and the University of Kansas Medical Center Histology Core facilities. Paraffin embedded sections were subject to H&E staining.
Paraffin embedded sections were subject to immunostaining using antibodies to: TUNEL staining (Cell Signaling Technologies, Danvers, MA), Ki67 (BDPharmingen, San Diego, CA), a-sma (Abcam, Cambridge, UK), Fsp-1 (Abcam), vimentin (Abcam), F4/80 (Abcam), Cre (Abcam). VWF8 (BD-Pharmingen), and visualized by peroxidase staining (Vectastain Elite kit, Vector Laboratories, Burlingame, CA). Sections were counterstained with hematoxylin. The density of a-sma, Fsp1, F4/80 and VWF8 positive staining were measured in at least 5 fields at 109 magnification by Image J software. Proliferative (Ki67 positive) and apoptotic indices (TUNEL) were calculated by determining the relative area of positive stained cells to total number of cells in at least five fields at 109 magnification using Image J software.
Lung tissues from control PyVmT mice and PyVmT/ Tgfbr2 hetFspKO mice were subjected to whole mount staining according to methods by Medina et al. [73] . Briefly, lung tissues were fixed in 4% paraformaldehyde at 4°C overnight and dehydrated in 70, 95 and 100% ethanols for 1 h each at 4°C. The tissue was then subjected to treatment in acetone, 100 and 95% ethanols, stained with Mayer's hematoxylin for 3 min dehydrated in 70, 90 100% ethanols and 100% xylene. The metastatic nodules in the lung were visualized under the stereomicroscope and counted. The lung tissues were then fixed, embedded in paraffin, sectioned and stained by hematoxylin and eosin to confirm the presence of metastatic lesions, which were identified by a clinical pathologist for the presence of acini with atypical nuclei, with cell morphology resembling that of cells in the primary mammary tumors.
Fibroblast and mammary carcinoma cell culture Primary fibroblasts were isolated from the thoracic and inguinal mammary glands from 13.4 week old PyVmT/ Tgfbr2
WT/flox and PyVmT/Tgfbr2 hetfspKO or Tgfbr2 hetFspKO mice using a modified protocol as described [74] . The identity of fibroblasts was confirmed by positive immunostaining for Fsp1, vimentin, a-sma and desmin.
Fibroblasts were cultured onto 10 mm dishes coated with rat tail collagen type I (BD Biosciences, Palo Alto, CA) in DMEM/F12 medium containing 5% ABS, for a minimum of three passages prior to in vitro and in vivo studies. PyVmT cells were isolated from invasive carcinomas of PyVmT transgenic mice on an FVB genetic background as described [73] and cultured on plastic in DMEM media containing 10% FBS with antibiotics.
Southern blot analysis
Recombination of the Tgfbr2 allele was assessed by Southern blot analysis in cultured mammary fibroblasts isolated from PyVmT/Tgfbr2
WT/flox and PyVmT/ Tgfbr2 hetfspKO mice according to the methods described by Chytil et al. [72] . 3 H] Thymidine incorporation and by manual cell counting. To assay 3 [H] Thymidine incorporation, fibroblasts (20,000) were plated per well in triplicate in 24 well plates (Nalge NUNC International, Rochester, NY), starved for 24 h in growth factor deprived media, then incubated in DMEM/ F12/5% ABS in the presence or absence of 5 ng/ml TGF-ß1 (R&D systems, Minneapolis, MN), treated with 1 lCi [ 3 H]dTh (MP Radiochemicals, Solon, OH) for 24 h, and then assayed for 3 [H] Thymidine incorporation using a beta scintillation counter.
Sub-renal capsule assay
Grafting of collagen embedded cells was performed according to the methods of Hayward et al. [24] . Briefly, 1 9 10 5 PyVmT cells were re-suspended together with 2.5 9 10 5 clonal Tgfbr2 hetfspKO or Tgfbr2 WT/flox fibroblasts in 50 ll of rat tail collagen type I (BD Biosciences, San Jose, CA) for one graft. The collagen embedded cells were cultured in DMEM/F12 5% ABS for 24 h and then implanted under the renal capsule layer of the kidneys in female nude mice, 6-8 weeks of age. Tumor tissues were collected 45 days post-implantation, and weighed.
ELISA
Control and Tgfbr2
hetfspKO fibroblasts (250,000) were grown in 6 cm plates in DMEM media containing 10% FBS and antibiotics. The cells were incubated in DMEM media in the absence of serum for 24 h. Levels of secreted HGF and CCL2 proteins were determined by ELISA (R&D systems), using 100 ll of conditioned media. Statistical significance was determined by two tailed Student's t-test.
Collagen invasion assay
PyVmT mammary carcinoma cells (62,000) were labeled with 3 lM CMFDA CellTracker dye (Invitrogen, Carlsbad, CA) and embedded in 25 ll rat tail collagen type I in the presence or absence of fibroblasts (125,000) in 24 well dishes using procedures previously described [15] . Co-cultures were treated with 3 lg/ml control rat IgG (Sigma, St. Louis, MO) or anti-CCL2 (R&D systems, Minneapolis, MN) for up to 72 h. Images of collagen embedded cells (three fields per sample, samples plated in duplicate) were taken by fluorescence microscopy every 24 h at 109 magnification and quantified by Image J analysis.
Cytokine array profiling (500,000) PyVmT/Tgfbr2 hetFspKO or PyVmT/Tgfbr2
WT/Flox fibroblasts were cultured in 10 cm dishes for 24 h in 5 ml DMEM/F12/5% FBS. After 24 h incubation, basal medium or fibroblast conditioned medium were harvested and subject to cytokine array profiling using the Mouse Cytokine Antibody Arrays 3 and 4 (Raybiotech) according to manufacturer protocol.
Statistical analysis
Statistical significance between groups was determined by Two-Way ANOVA, Bonferroni-Dunn test, two-tailed Student's t-test or Poisson Regression where appropriate. Statistical analyses were performed in consultation with the University of Kansas Biostastistics Core, using Graphpad Prism software (Graphpad Software, San Diego, CA).
